This work aims to develop and compare two types of conductive, polymer-based coatings via a dip coating process. The first type of coatings was made by dispersing and incorporating carbon black (CB) nanoparticles in a poly(methyl methacrylate) (PMMA) solution followed by dip coating. The CB content and dipping parameters were varied to explore their effects on the particle dispersion, coating thickness, and conductivity of the coatings. The dispersion of the CB particles in the polymer matrix was examined by scanning electron microscopy (SEM), while the coating thickness and conductivity were measured with a surface profilometer and a four-point probe, respectively. The good dispersion of carbon nanoparticles in the PMMA matrix was observed in the coatings. The conductivity of the PMMA-CB composite coatings was found to be mainly affected by CB content, particle dispersion as well as coating thickness. On the other hand, polyaniline (PANI) was used to make conductive coatings by dip coating and doping, and the advantages and limitation of the PANI coatings were compared with the PMMA-CB coatings.
INTRODUCTION
Electrically conductive polymer composites have found a wide range of applications such as antistatic, electromagnetic shielding, heat dissipation, conductive devices and sensors. 1 2 Compounding of a nonconductive polymer with conductive particles is the most widely-used method for making conductive polymer composites because most polymers can be easily mixed with conductive fillers and the formed compounds are easily processed into various shapes. [3] [4] [5] [6] [7] [8] [9] Conductive fillers for making conductive polymer composites can be any of inherently conductive materials such as metal powders, carbon black powders, carbon fibers, and carbon nanotubes, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] The conductivity of a polymeric composite depends on the conductivities of the polymer and the filler, filler's shape, size, content, and distribution in the polymer matrix. The transition for a nonconductive polymer to start to show electric conductivity is known as the percolation threshold of filler particles or the critical content of fillers. 1 5 6 9 As the polymer matrix is nonconductive, the formation of a conductive path from the conductive particles is necessary for the polymer composite to show conductivity. For a given polymer matrix, the percolation threshold is expected to depend on the shape and size of filler particles and the interaction between the filler and the * Author to whom correspondence should be addressed.
polymer. The ease of forming a conductive path or network from a given filler determines the effectiveness of the filler to form a conductive polymer composite. Different fillers may show different values of percolation threshold for a given polymer matrix, while different sizes and shapes of a filler may also give different percolation thresholds. Furthermore, beyond the percolation threshold, the network structure of filler particles in the matrix plays an important role in controlling the overall conductivity and mechanical properties of the resultant composite. Therefore, the preparation of a conductive polymer composite with controlled electrical and mechanical properties is a challenging task.
Carbon black (CB) is a commonly used and important material for many purposes: black pigment, high-voltage shielding, electric conducting, and rubber-wear modifying, etc. CB is also an important material in electrochemical applications. 10 11 CB microparticles and nanoparticles are commercially available.
Nanoparticles are able to produce thinner composite coatings compared to the micro or macro fillers used in the conventional composite coatings. Most importantly, conductive nanoparticles are expected to show a percolation threshold for electric conductivity at a smaller content of nanoparticles than that of microparticles or macroparticles. This expectation is made based on an assumption of nano-dispersion of nanoparticles in a matrix. However, it is technically difficult to achieve a state of nanodispersion because nanoparticles have a strong tendency toward agglomeration to form agglomerates with sizes of micro meters. 8 9 Thus, for conductive polymeric composites filled with conductive nanoparticles, conductivity will be determined by the dispersion and percolation threshold of the particles. Many methods of fabricating conductive polymeric composites such as dry mixing and compression, 7 melt-mixing, 8 9 solvent-mixing and casting, 6 etc have been explored. However, a great depth of research has not been achieved for one to control the percolation threshold as well as the dispersion of conductive particles in a polymer matrix.
Polyaniline (PANI) has been widely recognized as an important representative of conducting polymers. 12 13 In fact, the attractive chemical, electrical and optical properties of PANI have allowed it to be popular in a wide range of applications in light emitting devices, batteries, transistors, photodiodes and sensors. 13 There are basically 5 distinct oxidation forms of PANI, 13 14 among which emeraldine, a 50% oxidized form of PANI, is the most useful form of PANI because it is highly stable and easily doped (oxidized) as compared to leucoemeraldine or pernigraniline. Doping is an essential process for inducing conductivity in PANI. Hydrochloric acid (HCl) is the most commonly used dopant for PANI. Different dopants used will affect the degree of protonation of the emeraldine PANI as well as its conductivity. 15 In this work, we aim to develop two different types of conductive coatings from PMMA/CB nanoparticle composites and doped PANI respectively by means of dip coating. The two types of coatings are completely different in both material composition and conductivity mechanism. The reason for us to choose so different systems is because they represent two typical categories of conductive polymeric materials: conductive polymeric composites and conductive polymers respectively. In the former conductivity is achieved through the percolation of conductive fillers, while in the latter conductivity is attained by a doping process. Thus, the objective of this work is to compare these two systems in terms of ease of dip coating, control of coating thickness, electric conductivity, and surface roughness. For the PMMA-CB composite coatings, the effects of polymer concentration, CB content, dispersion method, mixing time and withdrawal speed on the dispersion of the CB nanoparticles, the coating thickness and the coating conductivity will be studied. On the other hand, an emeraldine PANI will be used to prepare solutions for dip coating and the effects of PANI concentration and doping on the coating structure and conductivity will be investigated.
EXPERIMENTAL DETAILS

Sample Preparation
Poly(methyl methacrylate) (PMMA, average molecular weight 120,000) in a powder form was used as the polymer matrix for the PMMA-carbon black (CB) nanocomposite coatings. Toluene was used as a solvent for preparing the polymer solutions. The CB nano-particles (average size ∼30 nm, purity 98.4%, specific gravity 1.85, resistivity 1.375 -cm, BET surface area 1,000 m 2 /g), were used as a conductive filler.
A powdered, emeraldine base form of polyaniline (PANI, average molecular weight 65,000, melting point >350 C) was used to make the PANI coatings. N-methyl-2-pyrrolidinone (NMP) was used as a solvent for dissolving the emeraldine form of PANI, and hydrochloric acid (HCl) of 1 M was used as a dopant for inducing the electrical conductivity of the PANI coatings.
The substrates used for all the coatings were glass slabs with dimensions 76 mm × 26 mm × 1 mm.
The solutions for the PMMA-CB nanocomposite coatings were prepared in such a way that a homogeneous PMMA/toluene solution was first made before the CB nanoparticles were added and dispersed in the solution. The concentration of PMMA in the solutions was fixed at 10 wt%. Upon obtaining a homogeneous PMMA/toluene solution, the desired mass of carbon powder was added and dispersed by magnetic stirring. The mixing time was varied to study it effect on dispersion. On the other hand, in order to investigate the effects of CB content, the concentration of CB in the polymer solution was varied to achieve 0, 10, 15, 20, 25, 30, and 40 wt% CB in the PMMA-CB nanocomposite coatings.
3, 5 and 7 wt% PANI in the PANI/NMP solutions were prepared at room temperature. Each PANI/NMP mixture was stirred using the magnetic stirrer for 2 h to form a homogeneous PANI/NMP solution.
All of the glass substrates were cleaned by dipping them into a beaker of acetone at room temperature. The glass substrates were then rinsed with deionized water and dried subsequently with a hot air gun.
A KSV dip coater was used to coat the conductive coatings on the glass substrates. The dipping parameters such as withdrawal speed (10 to the maximum speed of 85 mm/min) and immersion time (0 to 30 s) for the glass substrates in the dipping solutions were varied. Upon dip coating, the coated glass substrates were naturally dried by hanging them vertically in a fume hood.
Hydrochloric acid (HCl) was used as a dopant to induce the conductivity of the coatings. Doping was carried out by immersing the coated substrates into the glass bottles containing 30 mL of HCl (1 M) each for the desired doping duration. Different doping durations from 24 to 120 h were applied.
Characterization
The Dektak ST Surface Profiler was used to measure the surface topography and coating thicknesses of the coated samples. Optical microscope (OM) and scanning electron microscope (SEM) were used to observe the surface morphology of the coatings. For the SEM observation, a layer of gold was coated on the specimens. A fourpoint probe electrometer was used to measure the resistivity of the coatings. Five readings were taken and a mean value was calculated. The resultant mean voltage drop was then converted into the sheet conductivity by taking into account the coating thickness measured with the surface profiler.
RESULTS AND DISCUSSION
PMMA/CB Coatings
In order to find the optimal PMMA concentration in the dipping solution for incorporating the CB nanoparticles and for ease of dip coating, we preliminarily studied the effect of the PMMA concentration of the PMMA/toluene solutions on the PMMA coating thickness and found that the coating thickness increased significantly with PMMA concentration especially when the concentration was higher than 20 wt% PMMA. In the same way, the difficulty of the dip coating increased with PMMA concentration. We found that 10 wt% PMMA was an optimal concentration for the purpose of easy dip coating. Thus, in this work, the PMMA concentration is fixed at 10 wt%.
In this study, we found that magnetic stirring is a better method for dispersion of CB particles than ultrasound mixing. With magnetic stirring, the coating thickness could reach a nearly equilibrium level after 2 h of mixing.
The parameters such as withdrawal speed and immersion time for dip coating may affect the coating thickness and uniformity. Figure 1 shows that the coating thickness decreases with increasing withdrawal speed and tends to level off at high withdrawal speeds. At relatively high withdrawal speeds, the confluent coatings were formed.
The immersion duration was varied from 0 to 40 s to study its effect on the coating thickness. However, it was 0.0E+00 Withdrawal speed (mm/min) Coating thickness (cm) Fig. 1 . Effect of withdrawal speed on coating thickness. The PMMA/CB dispersion was prepared via magnetic stirring for 2 h. The PMMA concentration in the dispersion was 10 wt% and the content of CB in the dry coating was 15 wt%.
found that the immersion time has a weak effect on the coating thickness.
Theoretically, the most important factor determining the conductivity of a composite coating is the content of conductive particles since its ability to conduct electricity is solely dependent on the presence of conductive particles in the coating. This work has attempted to find the minimum content of the CB nanoparticles (i.e., percolation threshold) in the nanocomposite coatings for conductivity.
Before the conductivity study, the effect of the CB content on the coating thickness was examined first. As shown in Figure 2 , the coating thickness increases with increasing CB content, which is due to the increased viscosity of the dipping solution with the increased CB content.
The dependence of conductivity on the CB content is also illustrated in Figure 2 . The percolation threshold appears to be beyond 10 wt% CB. Beyond the percolation threshold, the PMMA-CB nanocomposite coatings tend to increase in both coating thickness and conductivity. However, the formation of a conductive network by the CB nanoparticles in the PMMA matrix was not observed from the SEM micrographs. Instead, in these micrographs, the CB particles have formed the micro-sized agglomerates.
It is noted from Figure 2 that both coating thickness and conductivity increase with the CB content. An increase in conductivity of the PMMA-CB nanocomposite coatings is favored but an increase in coating thickness is undesired because we aim to fabricate the thin conductive coatings. It is technically difficult to keep the coating thickness constant when the content of CB is increased in a given polymer matrix. One possibility to control the coating thickness with increasing CB content is to disperse the CB microagglomerates into smaller sizes. However, the fact that the increase in the viscosity of a PMMA-CB dispersion with increasing CB content still causes the increase in coating thickness under the same dipping conditions.
PANI Coatings
The PANI concentration in the solutions and the doping duration were varied to examine their effects on the conductivity of the PANI coatings. The purpose of this work is to compare with the CB nanoparticles-filled PMMA-CB coatings in terms of conductivity. PANI/NMP solutions of different concentrations (3, 5 and 7 wt% PANI) were used to fabricate the PANI coatings by dipping at a withdrawal speed of 85 mm/min and an immersion duration of 20 s.
The surface morphologies of these undoped PANI coatings are shown in Figure 3 . The coating made from the 3 wt% PANI solution shows the big PANI aggregates without PANI networks formed. When the PANI concentration is increased to 5 wt%, the PANI networks with a mesh size about 20 m are formed. A further increase in PANI concentration to 7 wt% results in the formation of the denser networks of the PANI fibrils.
Doping of the PANI coatings is essential to make them electrically conductive as the undoped PANI coatings are rather insulating. Upon doping with hydrochloric acid (HCl), a visible color change from blue to green is observed in the PANI coatings. The interesting morphological changes are observed. As shown in Figure 4 , the crosslinked networks are formed in the coatings prepared from the 5 and 7 wt% PANI solutions. The 3 wt% coating does not show the formation of a network due to the lack of polymer amount that is able to cover the substrate. The doped PANI coatings fabricated from the 5 and 7 wt% PANI solutions are conductive, proving that the doping is necessary and effective for the PANI coatings to become a conductive material. Furthermore, the crosslinked microstructures formed in the PANI coatings would facilitate the conductivity of the coatings. Table I shows the values of the film thickness, voltage drop, and conductivity for the three doped PANI coatings. From the table, it is found that the voltage drop decreases with increasing PANI concentration and thus the conductivity should increase with PANI concentration. However, the overall sheet conductivity calculated for the PANI coating made from the 7 wt% PANI solution is lower than that of the coating from the 5 wt% PANI solution, which is attributed to the higher thickness of the coating from the 7 wt% PANI solution. Thus, the coating thickness has an important effect on the coating conductivity.
It appears that the coating fabricated from the 5 wt% PANI solution has achieved a better balance between conductivity and coating thickness. According to the literature, 16 the doping duration plays a substantial role in determining the overall conductivity of a PANI coating. Three doping durations, i.e., 24, 72 and 120 h, were used to find out the doping time effect on the PANI coating fabricated from the 5 wt% PANI solution. It was found that an increase in doping duration has caused an increase in the degree of cross-linking in the PANI network microstructures. At the same time, the conductivity increases gradually from 3 73 × 10 −2 S/cm (24 h doping) through 6 11 × 10 −2 S/cm (120 h doping). The increase in conductivity with increasing doping duration is not as pronounced as we have expected, indicating that the doping reaction with the PANI is nearly saturated with 72 h doping.
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Comparison Between PMMA-CB and PANI Conductive Coatings The doping duration was 120 h.
Comparison Between PANI and PMMA-CB Coatings
The conductive PANI and PMMA-CB coatings prepared in this study are compared in terms of a number of parameters as listed in Table II . When a good solvent such as NMP is used, it is easy to dissolve the emeraldine form of PANI to obtain a homogeneous solution that is suitable for dip coating. Although many solvents can be used to dissolve PMMA, it is technically difficult to disperse CB nanoparticles to reach a state of nano-dispersion.
For the PMMA-CB coatings with a fixed concentration of PMMA, the coating thickness and conductivity are found to be a function of CB content, while for the PANI coatings doping is necessary and effective for the coating to become a conductor. It is found that a prolonged doping duration (>24 h) is needed for the PANI coating to exhibit a good conductivity. In addition, the residual HCl in the PANI coatings after the doping process may be a concern.
Thin and conductive polymer coatings (10 m or below in thickness) can be achieved for both PMMA-CB nanocomposite and doped PANI-NMP coatings. The thickness of the PANI coating is mainly controlled by the PANI concentration in the dipping solutions, while doping has no significant influence on the thickness. At a given concentration of the PMMA/CB/toluene solutions, the coating thickness is not only a function of CB content, but also dependent on the degree of dispersion of the CB nanoparticles. In general, a finer dispersion of the CB particles can facilitate the formation of a more uniform and thinner PMMA-CB nanocomposite coating.
Both the PANI and the PMMA-CB coatings can reach a comparable level of conductivity (i.e., 0.06 S/cm). A finer dispersion of the CB nanoparticles in the PMMA matrix is expected to result in a percolation threshold at a lower CB content, which should further lead to a higher conductivity. However, the formation of the conductive pathways in the PMMA-CB coatings should be more critical for conductivity than the particle dispersion. For the PANI coatings, the degree of doping is a key factor to determine the conductivity, but it is not clear how a network microstructure (as shown in Fig. 4 ) affects the conductivity.
When a dense network microstructure is formed in a doped PANI coating, the coating surface tends to be smoother than a PMMA-CB coating. The surface smoothness of the PMMA-CB coating is more likely affected by the CB aggregates near the coating surface. Smaller CB aggregates can facilitate the formation of a uniform PMMA-CB coating with a higher degree of surface smoothness. 
CONCLUSIONS
Dip coating method was used to fabricate thin and conductive polymer coatings on glass substrates from two different systems: PMMA-CB nanoparticles and PANI-HCl dopant. In the PMMA-CB system, the effects of mixing method and time on the dispersion of the CB nanoparticles were studied. Magnetic stirring was found to be a better method than ultrasound mixing. After a uniform dispersion of the CB nanoparticles was obtained, the effects of the CB content in the dipping solutions, withdrawal speed and immersion time in the dipping processes on the coating thickness and conductivity were systematically investigated. It was found that the percolation threshold was greater than 10 wt% CB nanoparticles and both coating thickness and conductivity increased with CB content in the PMMA-CB coatings. This percolation threshold was greater than what was expected because the particle dispersion did not reach a nano-scale level. The HCl-doped PANI was found to be a suitable conductive coating that can be easily fabricated via dipping. Doping with HCl not only induced the conductivity but also promoted the formation of a dense network microstructure in the PANI coatings.
